I detail four major open problems in microbial population genetics with direct implications to the study of molecular evolution: the lack of neutral polymorphism, the modeling of promiscuous genetic exchanges, the genetics of ill-defined populations, and the difficulty of untangling selection and demography in the light of these issues. Together with the historical focus on the study of single nucleotide polymorphism and widespread non-random sampling, these problems limit our understanding of the genetic variation in bacterial populations and their adaptive effects. I argue that we need novel theoretical approaches accounting for pervasive selection and strong genetic linkage to better understand microbial evolution.
Introduction
Bacteria have huge census population sizes, organized genomes, and multiple ways of exchanging genetic material. They are perfect subjects of study for researchers looking for complex problems in population genetics. Motoo Kimura was known for his passion for plants and benefitted enormously from decades of work on the population genetics of flies (Crow 1995) . Here, I'll argue that the lines of study where he was most influential face particularly interesting challenges when they are applied to microbes. I include the neutral theory among these studies, but I will also dedicate attention to Kimura's work on the use of methods from statistical mechanics to model evolutionary processes. My goal is not to provide an extensive description of Kimura's works, for which his classical book remains an essential reference (Kimura 1983 ), but to highlight a few of his key results and use them as a basis to understand advances and standstills in microbial evolutionary biology (table 1) . Although I will focus on bacteria, this text should be equally pertinent to Archaea, for which population genetics studies remain rare.
Are There Neutral Polymorphisms in Prokaryotes?
"The neutral mutation-random drift hypothesis (or the neutral theory for short) holds that at the molecular level most evolutionary change and most of the variability within species are not caused by Darwinian selection but by random drift of mutant alleles that are selectively neutral or nearly neutral. The essential part of the neutral theory is not so much that molecular mutants are selectively neutral in the strict sense as that their fate is largely determined by random genetic drift" (Kimura 1983 ).
The second Principle of Molecular Evolution states that "functionally less important molecules or parts of a molecule evolve faster than more important ones" (Kimura and Ohta 1974) . It has been the cornerstone of molecular evolution and in particular of studies unraveling the evolution of bacterial genomes, where cellular mechanisms constrain the organization and evolution of the chromosome(s) (Rocha 2008) . In bacteria, genes correspond to 85-90% of the genome and intergenic regions are small and packed with regulatory sites (Mira et al. 2001) . Genes have few or no introns and are usually organized in polycistronic units (operons) where insertions and deletions of genetic material usually have deleterious effects on gene expression (Price et al. 2006) . Nonsynonymous mutations are much more numerous and have stronger fitness effects than synonymous mutations (Nei and Gojobori 1986) . Because these fitness effects are usually negative, such mutations are gradually purged from populations by natural selection-purifying selectionleading to low ratios of nonsynonymous (dN) over synonymous (dS) substitution rates (dN/dS ( 1; Kuo et al. 2009 ). Yet, synonymous substitutions can also be affected by natural selection, for example, for codon usage bias (Gouy and Gautier 1982; Sharp et al. 2005) , especially in fast-growing bacteria (Vieira-Silva and Rocha 2010) . Intergenic regions rarely correspond to >20% of the genome and are subject to purifying selection at levels intermediate between that of nonsynonymous and synonymous substitutions (Thorpe et al. 2017) . Overall, this means that most mutations of the bacterial genome are deleterious ( fig. 1A ).
In the absence of strong genetic linkage (an unwise assumption for bacteria, see below), mutations behave neutrally when jNeÁsj ( 1 (Kimura 1968) , where Ne is the effective population size and s the selection coefficient. It has often been claimed that bacteria have huge Ne (Lynch et al. 2016) , and thus even weak fitness effect mutations should be affected by natural selection. As repeatedly pointed out by Kimura, a large load of deleterious mutations is not necessarily evidence against the neutral theory if they are quickly purged from populations (Kimura 1983) . This point can be assessed by analyzing the variation in the rates of dN/dS between increasingly divergent genomes. When genomes are very close, the ratio is close to one, indicating little apparent differences between synonymous and nonsynonymous changes.
For more divergent genomes, the ratio rapidly decreases to low values, suggesting that many nonsynonymous mutations have weak negative effects in fitness and remain in populations for a long period of time before being purged by natural selection (Rocha et al. 2006 ). This is not consistent with the neutral theory, but might fit the Nearly Neutral Theory, where molecular evolution is dominated by weak selection of common variants (Ohta 1992) . The abundance of weakly deleterious polymorphism has consequences for the evolution of gene repertoires. Bacteria that become obligatory endosymbionts endure sexual isolation and frequent population bottlenecks. This lowers the efficiency with which natural selection can remove deleterious alleles and many genes are then lost (Moran 1996; Andersson and Kurland 1998, (Kimura 1969 ), the IMG model shows that the distribution of accessory genomes in Procholococcus is consistent with the expectation of the neutral model, whereas in Synechococcus it slightly deviates from neutrality (Baumdicker et al. 2012) . Others found a positive correlation between a quantity called genome fluidity and genetic diversity (taken as a proxy of effective population size) arguing that most transferred genes are neutral (Andreani et al. 2017 ) (although in this case diversity may be the consequence of transfer). Still others argue for frequent adaptive HGT (Sela et al. 2016; McInerney et al. 2017) . Finally, it has been suggested that many accessory genes are under frequency-dependent selection (Cordero and Polz 2014) , but since few gene families are at intermediate frequencies (e.g., fig. 3C ), this would suggest that many genes are adaptive only when rare or in very specific environmental conditions. Genome reduction Many bacterial lineages have endured genome reduction from ancestors with larger gene repertoires. This has been explained by selection for gene loss or lack of selection for gene maintenance (Batut et al. 2014) . Bacteria enduring niche contraction associated with frequent bottlenecks and sexual isolation have shrinking genomes that are thought to result from genetic drift under small effective population sizes (Moran 1996) . This is in agreement with the lower efficiency of selection observed in smaller genomes (Kuo et al. 2009 ). However, some free-living species, with supposedly high effective population sizes, have very small genomes and are thought to select for genome streamlining (Giovannoni et al. 2014) . It has also been proposed that bacteria select for the loss of functions that are provided by the community (Black Queen hypothesis; Morris et al. 2012) . It is yet unclear if two last mechanisms are very frequent.
Distribution of fitness effects
What is the distribution of fitness effects of mutations segregating in bacterial populations? There is little data available (for a review Gordo et al. 2011) . It has been proposed, based on an extension of the McDonald-Kreitman test, that >50% of fixed amino acid substitutions between E. coli and S. enterica were selected for (Charlesworth and Eyre-Walker 2006) . Experimental evolution studies usually reveal initial fixation of many adaptive mutations (see text). But most studies in phylodynamics and phylogenetics intrinsically assume that substitutions are neutral (see references in (Lapierre et al. 2016 ). Base composition GC content varies very widely in bacteria affecting amino acid composition of proteins (Sueoka 1961) , which was taken as confirmation of the neutral theory. However, GC content correlates with genome size and is lower in MGEs (Rocha and Danchin 2002; Bentley and Parkhill 2004) . The mutation spectra tends to be AT-rich relative to the genome composition (Hershberg and Petrov 2010; Hildebrand et al. 2010 ), which does not fit the expectation of the neutral theory. There are many theories, and some experimental confirmation (Raghavan et al. 2012) , on why there could be selection for nucleotide composition. Alternatively, biased gene conversion (BGC), a proposed bias favoring G and C mismatches during homologous recombination, could explain the gap between mutational patterns and genome composition (Lassalle et al. 2015) . Selection and BGC affect polymorphism in very similar ways and are thus hard to distinguish. Selection is favored by recombination. BGC strictly depends on the rate of recombination.
Mutation rate
It has often been stated, with little supporting evidence, that mutation rates were the result of a trade-off between the cost of mutations and the cost of DNA repair. Kimura produced the first rigorous treatment of this question and suggested that mutation rates were under genetic control, that is, could be subject to selection and were a product of past evolution like many other characters (Kimura 1967) . Mutation rates vary widely in bacteria: from 10 28 to <10 210 per site per generation (Lynch et al. 2016) . Rates per year are also variable: from 10 25 per site per year in Mycoplasma gallisepticum (Delaney et al. 2012 ) to 10 27 per site per year in Mycobacterium tuberculosis (Ford et al. 2011) . These rates are averages, since mutation rates increase dramatically upon loss of repair genes or under deleterious physiological conditions. Furthermore, mutator phenotypes can be transiently selected for (or hitchhike with linked adaptive alleles) when bacteria are poorly adapted (Tenaillon et al. 2001) . Mobile elements often evolve to generate diversity under conditions where bacteria are poorly adapted, for example, under stress (Beaber et al. 2004) , and some bacteria encode contingency loci that increase local mutation rates in genes under frequent selection for diversification (Moxon et al. 1994) . In contrast, it has been proposed that selection favors low mutation rates and the decrease in the latter is limited by the efficiency of selection (Sung et al. 2012) . This fits the observation that bacteria, having high Ne, have among the lowest mutation rates (Lynch et al. 2016 ).
Challenges in Bacterial Population Genetics . doi:10.1093/molbev/msy078 MBE Adaptation by natural selection depends on the supply of mutations. A lot of work has been devoted to bacterial mutation rates and how they change in response to the cell physiology and environment (table 1, fig. 1B ). We know much less about the distribution of fitness effects of these mutations and how they depend on environmental factors. Mutations that actually reach fixation may often be adaptive. For example, one of the few available studies inferred that more than half of the amino acid substitutions were fixed by positive selection in enterobacteria (Charlesworth and EyreWalker 2006) . Experimental evolution studies provide simplified but interesting settings where adaptation can be tracked at a very fine timescale. The long-term evolution experiment of Escherichia coli, where populations are large, shows that adaptation occurs predominantly by fixation of adaptive nonsynonymous mutations (Barrick and Lenski 2013) . The fixation of mutations in this experience is initially almost linear, which could have been misconstrued as a prediction of the neutral theory. However, the mutations are adaptive and the linear trend is presumably caused by clonal interference-the competition between clones carrying different adaptive mutations-where genetic diversity is purged by the rapid population expansion of one clone in the population (hard selective sweep; Barrick et al. 2009 ). Escherichia coli experimental evolution in conditions of intermediate effective population sizes, to minimize the effects of both drift and clonal interference, revealed a rate of beneficial mutations of 10
À5
per genome per generation with mean selective advantage of 1% (Perfeito et al. 2007 ). Mutation accumulation studies, which are evolution experiences where effective population sizes are kept very low allowing mutations to drift almost randomly, indicate a mutation rate for this species of $10 À3 per genome per generation (round of chromosome replication; Foster et al. 2015) . These results show that the supply of adaptive mutations is high (1% of all mutations in the experiment above), but many of the adaptive mutations of small effect may be lost by clonal interference.
Kimura presented the cost of adaptation under hard sweeps, where genetic diversity is swept away because of the rapid rise in frequency of the fittest clone, as a key argument in favor of the neutral theory. The cost of adaptation is most dramatic under complete and rapid selective sweeps, because fixation of a variant leads to the extinction of all the others. If many mutations were adaptive and these sweeps frequent, populations should have very low genetic diversity, which is known to be false (Leffler et al. 2012) . Studies of E. coli If there is no recombination and no major changes in mutation rates, neutral mutations accumulate linearly. In fact, mutations in bacteria tend to accumulate at a slower pace, because the rate of evolution is retarded by purifying selection (purge of deleterious alleles). In general, synonymous substitutions accumulate at higher rates than non-synonymous ones, as expected given the frequent deleterious effects of the latter. (table 1) . When one compares more distant genomes, a larger fraction of the differences between them has been in populations for some time, during which they endured the effect of selection or biased gene conversion and gradually became less AT rich. (D) The rate of homologous recombination decreases quickly with the divergence between sequences.
Rocha . doi:10.1093/molbev/msy078 MBE evolving in the mouse gut, a more natural environment that those of the works mentioned above, confirmed the existence of frequent adaptive mutations that were subject to clonal interference. Surprisingly, the analysis of the evolved populations showed rapid complete phenotypic switches without loss of genetic diversity (Barroso-Batista et al. 2014; Lourenco et al. 2016) . While the mechanisms operating in these experiments remain to be elucidated, they seem to involve mutation hotspots, facilitating the recurrence of some mutations, and the spread of adaptive changes through recombination or HGT across the population. As mentioned above, the observation that natural populations were highly polymorphic was at the basis of the proposal of the neutral theory because hard sweeps dramatically reduce the efficiency of natural selection. However, soft sweeps-processes where adaptive variants rise in frequency in the population without sweeping away all of its genetic diversity-are much less costly because they don't eliminate the other adaptive variants from the population (Messer and Petrov 2013) . They might explain why many bacteria adapt rapidly without dramatic loss of genetic diversity. It had become clear, before the neutral theory was proposed, that nucleotide composition is extremely variable between microbial genomes (Sueoka 1961) , where it determines the average amino acid composition of proteins (Sueoka 1962; King and Jukes 1969) . It seems highly unlikely that positive selection would allow the fixation of certain amino acids at the level of the entire genome in function of its nucleotide composition. First, because it's unclear what might be the biological origin of such selection pressure. Second, because fixation of each individual mutation would lead to the removal of genetic diversity and would be slowed-down by intense clonal interference. The proposal that protein composition is a direct consequence of the mutation spectra was thus taken as a demonstration of the neutral theory. Yet, recent works show that the composition of bacterial genomes deviates from the mutational patterns, systematically favoring G and C polymorphism ( fig. 1C ; Hershberg and Petrov 2010; Hildebrand et al. 2010) . These observations revived the interest on the many nonneutral theories proposed to explain genome composition (Rocha and Feil 2010) . The current controversy centers around the roles of natural selection and a nonselective process-called biased gene conversionwhere allelic recombination favors Gs and Cs over As and Ts when there are mismatches between the two sequences (Raghavan et al. 2012; Lassalle et al. 2015) . The controversy is fed by conflicting evidence for an association between allelic recombination rates and bias towards G þ C rich polymorphism (Hildebrand et al. 2010; Lassalle et al. 2015; Bobay and Ochman 2017b ; see table 1 for details).
In summary, most mutations in bacteria are nonsynonymous and deleterious, many of the others are affected either by selection on codon usage (synonymous changes) or regulatory sequences (intergenic regions). All mutations are affected by neighboring regions under natural selection (strong linkage) and by the mechanism increasing the probability of fixation of Gs and Cs (over As and Ts). One is thus tempted to conclude that there is no single-nucleotide polymorphism (SNP) evolving under random drift in bacteria.
Is the Microbial Pan-Genome (Practically) Infinite?
"A theoretical treatment was presented which enables us to obtain the average number of heterozygous nucleotide sites per individual and related quantities that describe the statistical property of the mutant frequency distribution attained under steady flux of mutations in a finite population. The main assumptions of the model are that (i) a very large (practically infinite) number of sites are available for mutation and (ii) whenever a mutant appears, it represents a mutation at a new (different) site" (Kimura 1969) .
Prokaryotes' sexual exchanges are independent of reproduction and can be divided into two processes ( fig. 2) . Allelic recombination results from gene conversion by homologous recombination between very similar sequences. Horizontal gene transfer (HGT) results from the acquisition of novel genes that can remain extra-chromosomal or integrate the chromosome by homologous or site-specific recombination. The substrate for allelic recombination and HGT, DNA from other individuals, can be acquired by natural transformation or, more frequently, by the action of mobile genetic elements (MGEs, conjugation, or phage-mediated). This novel genetic information can be integrated either by homologous recombination with flanking homologous DNA or by the action of specific recombinases. Natural transformation, ascertained in only half a hundred species, is under the genetic control of the recipient cell, opening the possibility of natural selection on modifiers of its rate and timing. Both are known to vary between species (Johnston et al. 2014) . In contrast, most bacterial genomes contain prophages or conjugative elements (Guglielmini et al. 2011; Touchon et al. 2016 ). Contrary to transformation, MGE-mediated HGT is not under the genetic control of the recipient host. For example, a thorough study in E. coli K12 found no single nonessential gene playing an important role in the acquisition of plasmid R388 by conjugation (Perez-Mendoza and de la Cruz 2009). The evolution of the rates of transfer by MGEs takes place predominantly in the element itself. Some of these elements, phages, frequently kill the recipient cell. Hence, acquisition of novel genes by HGT is the result of a complex interaction between bacteria and their MGEs, in which the latter can be symbionts, parasites, or both (depending on the circumstances).
HGT drives intraspecies phenotypic diversification, including antibiotic resistance (Davies and Davies 2010) and virulence Challenges in Bacterial Population Genetics . doi:10.1093/molbev/msy078 MBE (Wagner and Waldor 2002; Dobrindt et al. 2004) . Its impact cannot be ignored. In Bacillus cereus, one of the few species for which data is available, each point mutation in the genome is accompanied, on average, by 0.7 SNPs introduced by allelic recombination (Vos and Didelot 2009 ), and 4.4 genes by HGT (>4,000 nucleotides; Hao and Golding 2006) . Many bacterial species have pan-genomes-the set of all nonorthologous gene families in the species-much larger than the average genome size. The description of natural variation and phenotypic adaptation of many bacteria, two key goals of population genetics, must account for HGT because the latter drives their genetic diversification.
The theoretical and practical problems that HGT raises in population genetics have not been explored enough. A key challenge is how to include gain and loss of genetic information in measures of genetic diversity and in neutrality tests that usually focus on SNPs. With this goal in mind, an Infinitely Many Genes model (IMG) has been recently proposed (Baumdicker et al. 2012) . Just as the infinitely many sites model of Kimura assumes that the number of sites available for mutation is so large relative to mutation rate that a site only mutates once (Kimura 1969 ), the IMG model assumes that the supply of novel genes can be considered as (practically) unlimited. A coalescent framework is then used to model gains and losses of accessory genes on the genealogy of a population sample (Baumdicker et al. 2010) . This model naturally produces a test for neutrality. Its application to the pan-genomes of two cyanobacterial species with very large census population sizes, and presumably efficient selection, showed marginal rejection of neutrality for one and no rejection for the other (Baumdicker et al. 2012) . A development of this approach models the distribution of frequencies of accessory genes using two classes, instead of just one in the original IMG model. This provides a significantly better fit to the distribution of gene frequencies in Firmicutes (Collins and Higgs 2012) , suggesting the existence of two classes of accessory genes that differ in terms of turnover rates. At this stage, it is unclear if the genes with fastest turnover-those that tend to be present in very few strains-are neutral, deleterious, or a mixture of both. What is clear is that these results provide ground for another neutralist-selectionist debate (Shapiro 2017) , with researchers claiming transfer to be mostly deleterious (Vos et al. 2015) , neutral (Baumdicker et al. 2012) , or adaptive (Sela et al. 2016; McInerney et al. 2017 ; table 1). Settling this debate will require extensive experimental work since the fitness effect of these genes depends on the environmental conditions.
The distribution of frequencies of accessory genes is not far from the neutral expectation. This suggests that many genes acquired by HGT are never expressed and thus devoid of fitness effects. However, the compatibility of a distribution with a neutral model does not necessarily implicate that the underlying mechanism is indeed random drift. Natural selection under strong genetic linkage can mimic many of the expectations of neutral models (see below). We do know that at least some of these genes are adaptive whereas others are deleterious. The fundamental question is: How many? The concomitant operational issue is: Can we identify them?
How to Do Population Genetics with IllDefined Populations?
"I would like to call the readers' attention to the fact that the effective population size applicable to neutral evolution is that of the entire species (or subspecies if this forms an independent reproductive unit), but not the effective size of a local population which forms a part of it" (Kimura 1983) .
It all comes to sex. If there are no sexual exchanges, one can loosely define a species as a cluster of closely related strains with the same ecological niche (ecotype; Cohan and Perry 2007) . Whether such ensembles have biological relevance depends on the microbiologist's ability to detect and delimit their niche. In this case, mutations are tightly linked to their genetic background and selection tends to be inefficient (Maruyama and Kimura 1980) . If sexual reproduction is delimited to a well-defined type of individuals then the biological definition of species is applicable and species can be defined as the maximal sets of interbreeding and sexually isolated populations (Mayr 1942) , or as ecotypes (as for asexuals). The two definitions are not necessarily incompatible. The problem is that many organisms, including most Prokaryotes, exchange genes promiscuously. This renders species fuzzy and complicates the application of a lot of Kimura's most elegant results concerning the vagaries of polymorphisms in natural populations.
The debate on the definition of species in bacteria based on mechanisms of gene exchange has focused on allelic recombination for decades (Dykhuizen and Green 1991) . The rate of homologous recombination with foreign DNA decreases exponentially with sequence divergence ( fig. 1D ; Vulic et al. 1997) , and species could be defined by the genetic distances at which homologous recombination becomes unlikely (Gogarten et al. 2002) . However, these barriers are fuzzy because there is no discontinuity in the frequency of homologous recombination in function of sequence divergence, and they are unsteady because recombination rates depend on the cell's genetic background (Rayssiguier et al. 1989) , physiological state (Matic et al. 1997) , and defense mechanisms (Oliveira et al. 2016) . Simulations suggest that barriers to recombination cannot arise simply by a cohesive effect of within-species recombination (Cohan 1995; Fraser et al. 2009 ). As such, allelic recombination defines, at best, fuzzy bacterial species (Lawrence 2002) .
The complications brought by HGT to the definition of species are much worse (Doolittle and Zhaxybayeva 2009 ). I've described above how HGT drives the diversification of bacterial gene repertoires. MGEs, the major vehicles of HGT, transfer between cells with little regard for taxonomic boundaries. For example, conjugative plasmids can transfer across species, genera or even large phyla (Amabile-Cuevas and Chicurel 1992). MGEs are also frequently lost. The high turnover of gene repertoires is in part a consequence of this flux of MGEs and implicates that relatedness between gene repertoires correlates poorly with phylogenetic distance (fig. 3A) . It is not uncommon to find pairs of genomes from different species with more orthologs than pairs of genomes from the same species (Touchon et al. 2014 ). This has the effect of Rocha . doi:10.1093/molbev/msy078 MBE blurring the associations between phenotypic and genetic distances (as inferred by SNPs in the core genome).
Most extant species definitions are based on predefined phenotypic markers whose ecological relevance is not always known. For example, the infamous Bacillus anthracis is a B. cereus clone that acquired a plasmid carrying the anthrax toxin (Okinaka et al. 1999 ). Other clones of B. cereus with other plasmids carrying other toxins were also defined as species because of the relevance of the associated diseases. As a consequence, the B. cereus complex is now composed of a dozen named species, many of which are polyphyletic (Bazinet 2017) . More generally, a recent study identified intraspecific allelic recombination barriers in a fourth of prokaryotic species (Bobay and Ochman 2017a) . The situation has become so confusing that even when ignoring the complications of ecological niches and sexual exchanges, it has been suggested that if one imposes monophyly and a range of sequence divergence to species then 73% of the existing taxonomy needs correction (Parks et al. 2018) .
Measures of genetic diversity, estimations of effective population size, and inferences of selective sweeps are extremely sensitive to the definition of species or populations. This means that many traits associated with bacterial species are a direct consequence of the species delimitation. A species that is defined as a very recent clone with a specific trait, like B. anthracis, has almost necessarily little genetic diversity and thus a small Ne. This does not mean that we should expect to find in its genome signals of long-term inefficient selection, such as rampant pseudogenization. Conversely, a species defined as a broad collection of phenotypically very diverse strains, like E. coli, has high genetic diversity, thus presumably large Ne, even if certain of its lineages contain significant numbers of pseudogenes. Translation of measures of diversity into expected molecular evolution traits must thus be made with care.
Recently, it has become frequent to define species as operational taxonomic units with predefined maximal pairwise diversity (Konstantinidis et al. 2006) . This definition has the merits of being clear, precise, and easy to compute. However, it creates a bias towards species with excessively homogeneous values of genetic diversity, obscuring the biological significance of this variable.
It is not yet clear what is the most meaningful way of defining species in bacteria (nor if there is one). The definition of species based on sexual isolation becomes inapplicable when HGT is a relevant mechanism of diversification and adaptation. But the use of ecotypes to define species is extremely complex, and possibly just as fuzzy in many situations. At this stage, the difficulties in defining species, or populations, demands creative thinking from the population geneticist and careful consideration of the underlying hypothesis of existing methodologies.
How to Untangle Demography and Selection?
"If a species consists of a large number of more or less isolated subpopulations, and if extinction and subsequent replacement occur frequently among subpopulations. The effective size of the species is greatly reduced as compared with the situation in which the whole species forms a random mating or panmictic unit. This property is particularly pertinent when we consider genetic variability of a bacterial species" (Kimura 1983) .
The efficiency of natural selection is heavily influenced by demography (Wright 1950 Touchon et al. 2009 ). I took the genomes of E. coli from RefSeq in March 2018 (Tatusova et al. 2015) , removed redundancy (all pairs of genomes are divergent >0.01%), and clustered the gene repertoires of the resulting 370 genomes (protein coding genes only) using MMseqs2 (Steinegger and Söding 2017) . Proteins were placed in the same family of the pan-genome when they were >80% identical. (A) Gene repertoire relatedness (GRR, defined as the number of gene families present in both genomes divided by the number of gene families in the genome with fewer families) and patristic distance for all pairwise genome comparisons. The latter was computed from a tree built using IQtree v1.5.5 (Nguyen et al. 2015) with automatic choice of model Challenges in Bacterial Population Genetics . doi:10.1093/molbev/msy078 MBE spectrum is affected by changes in population size complicating the identification of alleles under selection (Vitti et al. 2013) . It was proposed, following on the footsteps of the neutral theory, that demography affects the entire genome of the species, whereas selection affects individual loci and specific alleles (Lewontin and Krakauer 1973) . Hence, many studies disentangle demography from selection by inferring a demographic model from regions thought to evolve neutrally and then using it to identify the alleles under selection as those deviating from the expectations of the demographic model. Whereas such approaches have been faced with significant criticisms (Hahn 2008) , they remain popular in population genetics. For the reasons mentioned in the first section of this article, these methods are inapplicable to bacteria. There are probably no locations in the bacterial genome evolving neutrally and even if there were, they would be in linkage disequilibrium with most of the genome (see below). Given the extent and relevance of HGT, the assumption that demography affects similarly all the genome is false.
Many other standard methods to identify regions under positive selection are also poorly applicable to bacteria. In Eukaryotes (diploids), chromosome crossover gradually narrows the region under genetic linkage and measure of linkagedisequilibrium can be used to detect selective sweeps (Sabeti et al. 2006) . In bacteria, allelic recombination introduces small patches of homologous sequences leaving distant regions of the genome in the same clonal frame under strong genetic linkage (fig. 4; Milkman and Bridges 1990) . High linkage means that mutations often segregate with many others of different, eventually opposed, selective effects. They may hitchhike with adaptive mutations (Maynard Smith and Haig 1974) , or be purged because of a background of deleterious mutations (Charlesworth et al. 1993) . Identification of changes under positive selection in bacteria has thus focused on techniques derived from the McDonald-Kreitman and dN/dS ratio test, even if such analyses can also be affected by allelic recombination, demography, selection for codon usage bias (Nielsen 2005) , and the difficulty of defining fixed substitutions when populations are intrinsically difficult to delimit.
The characterization of demographic changes in bacterial populations would be of great interest in itself. For example, they could inform epidemiological studies as is commonly done in virology (Grenfell et al. 2004) . Unfortunately, methods aiming at identifying demographic changes from population polymorphism assume neutrality and are not robust to the presence of selection nor, sometimes, recombination. This is because both processes can distort genealogies in ways resembling demographic changes (see Lapierre et al. 2016 and citations therein). Untangling selection from demography under these conditions is an open, and urgent, problem in bacterial population genomics.
This problem is further amplified by nonrandom sampling, an almost ubiquitous trait in the practice of microbiologists. Most large data sets in bacterial population genetics are associated with bacteria of medical interest. Sampling is usually focused on virulence or antibiotic resistance, which leads to an overrepresentation of a small number of subpopulations. This may have immediate medical interest, for example, pinpoint a virulence factor or a determinant of antibiotic resistance. However, nonrandom sampling affects the inference of most population parameters of interest, notably those associated with demography (Lapierre et al. 2016) . Quick fixes, like adding a few other strains chosen uniformly from the species phylogeny can make things worse. It is also important to notice that to really understand the emergence of hypervirulent clones it is important to go beyond the exhaustive study of these strains and move towards the understanding of the evolution of other lineages that have not (yet) evolved in that way. In the long run, excessive focus on strains of medical interest is counterproductive not only to study bacterial population genetics in general but also to understand the emergence of clones of clinical interest.
Conclusion
To summarize the complications of bacterial population genetics, let us consider the classical bacterial model: E. coli. Its cell machinery has evolved to attain very rapid growth, with doubling times as low as 20 min. Under unlimited resources and in the absence of death, such a cell could produce > 10 21 descendants in one day (72 generations). In spite of >350,000 scientific articles citing E. coli in PubMed, there is very little available data on the average growth rate of this bacteria in nature. Until recently, the reference value was less than one generation per day in the gut (Savageau 1983 ), but recent data suggest much higher numbers: between 6 and 21 generations per day (Myhrvold et al. 2015; Ghalayini et al. 2018) . Replication and survival rates in the environment are poorly known. The gap between potential and effective number of generations per day is explained by suboptimal growth conditions, competition, and predation (Jang et al. 2017) . Nevertheless, there are more E. coli individuals, a minor component of our gut microbiome, in the average human individual than humans on the planet (Tenaillon et al. 2010) . Considering its presence in many other domestic and wild animals, its census population size is certainly several orders of magnitude above 10 20 . Yet, past estimates of Ne ranged from Rocha . doi:10.1093/molbev/msy078 MBE 10 5 to 10 8 (Hartl et al. 1994; Berg 1996; Charlesworth and EyreWalker 2006; Sung et al. 2012) , leaving selection and demography ample room to shape the evolutionary history of the species.
The E. coli species itself is ill-defined. It includes several polyphyletic lineages that together make an entire genus (Shigella Pupo et al. 2000) , whereas highly divergent strains have "typical" E. coli phenotypes (even if more important environmental reservoirs; Walk et al. 2009 ). Escherichia coli core genes have an average diversity of $0.36 (Walk et al. 2007 ), which is not very high for the standards of Eukaryotes (Leffler et al. 2012) , in spite of E. coli's huge population size. Allelic recombination is moderate (its contribution to SNPs matches that of mutation) but novel alleles often come from outside the species (Didelot et al. 2012) . The concomitant strong linkage between mutations in the clonal frame (most of the chromosome) favors genetic draft-a process where changes in allele frequencies are largely due to their association with genetic backgrounds (Gillespie 2001 )-caused by acquisitions of genetic material with fitness effects. The pangenome is huge and strains can differ by a fourth of their gene repertoires ( fig. 3A and B) . Only around 300 genes are essential in E. coli (Baba et al. 2006) , which is much less than the number of genes in the core genome ( fig. 3B ). Furthermore, systematic gene deletion studies show that many genes acquired by HGT provide fitness advantages (Karcagi et al. 2016) . The immense diversity of gene repertoires in the species means that no strain is a good representative of the species, and that population genetics is essential to understand the evolution of its numerous pathotypes. To the best of current knowledge, the situation is similar for many other bacteria, which tend to show a U-shaped distribution of gene families frequencies, where most families are either present in most strains or in very few ( fig. 3C ).
Motoo Kimura was known for his original mathematical treatment of population genetics that solved many outstanding problems in the domain. The contemporary observations that populations were much more polymorphic than previously expected led him naturally to the development of the neutral theory. I would argue that given the current knowledge, it has become unreasonable to assume that most SNPs drift randomly in bacterial populations. The neutral theory may remain relevant as a null hypothesis, especially to describe the patterns of gene acquisition and loss, but evidence suggests that the vast majority of polymorphism has weak fitness effects as proposed by the Nearly Neutral Theory (Ohta and Kimura 1971) .
It has been pointed out that if drift is replaced by draft in the Nearly Neutral Theory, then the rate of substitutions no longer depends on population size for large enough populations (Gillespie 2001) . This revision of the theory holds great promises for the study of the large bacterial populations where Ne is hard to infer, due to the difficulty in defining meaningful populations, and even harder to interpret. If sweeps are frequent in bacteria, then they should lead to bursts of rapid coalescent between lineages (Neher 2013) . Multiple merger coalescent models might thus constitute a promising research avenue to produce more realistic models of microbial populations (Tellier and Lemaire 2014) . For this research program to be successful, one also needs further theoretical work on the specifics of bacteria in terms of genetic exchanges, population delimitation, and genome structure, in the context of pervasive selection. In a time of almost unlimited microbial DNA sequence data, and metagenomics data of entire communities, the marriage of novel models in population genetics with molecular evolution is likely to be a very rewarding one.
